Introduction
Type 2 diabetes mellitus (T2DM) is associated with considerable increases in cardiovascular morbidity and mortality. 1 Although mortality rates in patients with T2DM seem to decrease, rates are still significantly elevated compared with the normal population. Therapies like lipid-lowering drugs, 2,3 blood pressure reduction 4 and antithrombotic therapy as secondary prevention 5 have significantly contributed to the reduction in cardiovascular events and risk in this population. In accordance, combining these therapies as a multipharmacologic intervention in patients with T2DM with microalbuminuria is associated with substantial long-term cardiovascular risk reduction and mortality. 6, 7 Antihyperglycemic therapy is effective in reducing the microvascular complications of diabetes as nephropathy, retinopathy and neuropathy. 8 However, previous studies with these antihyperglycemic drugs have not been successful in providing evidence for the same risk reduction in macrovascular complications as cardiovascular
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Keywords: cardiovascular safety, type 2 diabetes, glucagon-like peptide-1 (GLP-1) receptor agonist, sodium-glucose co-transporter type 2 (SGLT2) inhibitor, cardiovascular events events. [9] [10] [11] Newer studies have even created concern about adverse cardiovascular outcomes with certain types of antihyperglycemic drugs. 12, 13 In the Action to Control Cardiovascular Risk in Diabetes (ACCORD) study, intensive glycemic control was associated with a marginal lower incidence of myocardial infarction, but an increased mortality rate. 9 These results prompted both the United States (US) Food and Drug Administration (FDA) and the European Medicines Agency (EMA) to require the pharmaceutical industry to conduct independent cardiovascular outcome studies (CVOTs) to specific assess cardiovascular safety of new antihyperglycemic drug during development. In the US FDA 'guidance for industry ' (2008) , there are demands that any new antihyperglycemic drug for the treatment of T2DM should be studied. When added to standard care these new drugs should be noninferior to placebo with regard to major cardiovascular events.
There are two new classes of antihyperglycemic drugs for the treatment of T2DM that have been marketed during recent years, before and after the new US FDA/EMA requirements: glucagon-like peptide-1 receptor agonists (GLP-1RAs) from 2005 and sodium-glucose co-transporter 2 inhibitors (SGLT2-is) from 2012. The list of the current marketed GLP-1RAs and SGLT2-is are depicted in Table 1 . For drugs belonging to both these classes, CVOTs have been started and a few completed. For the GLP-1RA class, CVOTs evaluating lixisenatide, liraglutide, semaglutide and exenatide have been completed. For the SGLT2-i class, two CVOTs evaluating empagliflozin and canagliflozin have been completed at present. For all other drug candidates in the two classes, results of the CVOTs are pending (see Tables 2 and 3 ).
The present review focuses on the physiology, cardiovascular effects and the unexpected 
Physiology and pathophysiology in type 2 diabetes mellitus

GLP-1 and GLP-1 receptor agonists
Naturally occurring glucagon-like peptide-1 (GLP-1) is an intestinal insulinotropic hormone secreted from the enteroendocrine L-cells in the mucosa from duodenum, jejunum, ileum and colon. 14 The effect of GLP-1 on glucose homeostasis is depicted in Figure 1 . GLP-1 acts through the glucagon-like peptide-1 receptor (GLP-1R), which belongs to the superfamily of G proteincoupled receptors. This receptor has been shown to be expressed widely in different tissues both in humans and other primates. Thus, GLP-1R seems to be distributed in both the pancreas, the gastrointestinal tract, the kidneys, the lungs, the heart, the brain and the blood vessels of several organs. 15, 16 Together with glucose-dependent insulinotropic polypeptide (GIP), GLP-1 is responsible for the incretin effect. The incretin effect describes the effect of the incretin hormones secreted in response to ingested nutrients to augment insulin secretion. The potentiation of glucose-stimulated insulin secretion is thought to be the primary mode of GLP-1's role in glucose homeostasis. However, GLP-1 also regulates glycemia by insulin-independent mechanisms. At the same time GLP-1 potentiates insulin secretion from the pancreatic β-cells; GLP-1 suppresses glucagon secretion from the pancreatic α-cells. 17 Furthermore, GLP-1 inhibits gastric emptying rate. Thus, by this mechanism the entry of glucose and other nutrients to the gut is delayed, which contributes to the reduction in postprandial glucose excursions. The combined effect on the pancreatic insulin and glucagon secretion results in reduced (hyper) glycemia by enhanced glucose disposal in peripheral tissues and reduced hepatic glucose production. Accumulating evidence suggests that the effect on hepatic glucose metabolism may also be mediated by the central nervous system. 17 Thus, administration of GLP-1 directly into the hypothalamus increases hepatic glycogen storage in mice, 18 and GLP-1 receptors have been found on nerve terminals in the portal vein where GLP-1 signaling was observed affecting glycemia both fasting and after post-challenge in rats. 19 Also mediated by the central nervous system, GLP-1 induces increasing satiety and reduced food intake resulting in weight loss. 20 Finally GLP-1 may also increase resting energy expenditure and lower plasma concentrations of free fatty acids in humans. 21 It was early demonstrated by Nauck and colleagues 22 that the incretin effect was significantly reduced in patients with T2DM. This observation has been confirmed more recently by others. 23 However, most evidence suggests that it is not a primary abnormality in GIP and GLP-1 secretion that is responsible for the reduced incretin effect in T2DM. 24, 25 Further, the elimination rate of GIP and GLP-1 in patients with T2DM seems not to be different from healthy subjects. 26 Thus, a reduced sensitivity of the pancreatic β-cells to GIP and GLP-1 may be the explanation for the reduced incretin effect in T2DM. 17 Native GLP-1 is rapidly degraded by the enzyme dipeptidyl peptidase 4 (DPP-4) resulting in a very short half-life of approximately 2 min. 26 It is therefore necessary to develop GLP-1RA with longer half-lives and resulting prolonged action in order to be used as antihyperglycemic drugs. 
SGLT2 and SGLT2-inhibitors
The kidneys filter approximately 180 liters of plasma per day corresponding to 160-180 grams of glucose filtered from the circulation in healthy subjects. At normoglycemia virtually all filtered glucose is reabsorbed (together with sodium) in the proximal convoluted tubule of the nephron to the circulation by the two glucose transporters sodium-glucose co-transporter-2 (SGLT-2) and -1 (SGLT-1). 29 SGLT-2 is located in the first part of the proximal convoluted tubule and is responsible for 80-90% of the total glucose reabsorption to the circulation. SGLT-1 is located more distant in the straight segment of the proximal convoluted tubule and is only responsible for the remaining 10-20% of the glucose reabsorption (see Figure 2 ). This glucose reabsorption is a process independent of insulin. SGLT-2 is known primary to be expressed in the kidney, whereas SGLT-1 is also expressed in the small intestine, heart and lung tissue. 29 In the small intestine SGLT-1 is responsible for the main part of the absorption of glucose and galactose. In glucose-tolerant individuals the maximal glucose reabsorption capacity in the kidneys is not exceeded, in contrast to diabetic individuals with hyperglycemia. At plasma levels above approximately 10 mmol/l the maximal capacity of SGLT-2 is exceeded, and the excess glucose which cannot be reabsorbed is excreted in the urine as glucosuria. Long-term hyperglycemia seems to upregulate SGLT-2 which increases the capacity and the threshold for glucose reabsorption. 30 This upregulation seems to be reversible, since it can be normalized by antihyperglycemic treatment. 31 The increased threshold in the kidneys for glucose reabsorption in T2DM patients with chronic hyperglycemia could have a potential role in the maintenance of hyperglycemia in these subjects. The co-transport of sodium results in decreased sodium excretion by the kidneys and increased total body sodium content, which potentially can contribute to development and deterioration of hypertension in patients with T2DM. 32 Inhibition of SGLT-2 is well known from the clinical condition known as familial renal glucosuria, which is by phenotype a benign condition characterized by varying degrees of urinary glucose excretion at a normal level of blood glucose. SGLT-2 is encoded by the SLC5A2 gene. At least 44 different mutations in this gene is known, the loss-of-function mutations results in these rare cases of familial renal glucosuria. 33 Most of the individuals with familial renal glucosuria are without symptoms, and only very rarely suffer from hypoglycemia, hypovolemia or genitourinary infections. 33 SGLT-2 inhibitors (SGLT2-is) decrease the reabsorption of glucose and increase the excretion of glucose via a selective inhibition of SGLT-2. The glucosuria results in decreased plasma glucose levels and improved glycemic control measured by HbA1c in patients with T2DM. 34 This effect is dependent of the plasma glucose level, but independent of β-cell function and insulin sensitivity. The risk of hypoglycemia and decreased effect due to secondary failure of β-cell function seems therefore very limited. 35 The efficiency of the SGLT2-is is dependent of a normal or near-normal glomerular filtration rate (GFR). Thus, by decreasing GFR the effect on glucose metabolism of SGLT2-is is decreasing. At GFR levels below 30 ml/min the effect on glucosuria is insignificant. 36 In general, SGLT2-is are not recommended at GFR levels below 45 ml/min. The first SGLT2-i discovered was phlorizin, a naturally occurring flavonoid found primarily in the bark from apple trees. Phlorizin was originally studied as a potential drug candidate, but was abandoned because of low bioavailability and nonselectivity regarding SGLT-1 and SGLT-2 inhibition. 37 The different selective SGLT2-is currently available are apparent from Table 1 . Use of the three SGLT2-is available in Europe [dapagliflozin (Forxiga ® ), canagliflozin (Invokana ® ) and empagliflozin (Jardiance ® )] result in dose-dependent increases in glucosuria in both healthy subjects and patients with T2DM. In healthy subjects the maximal glucose excretion rate is approximately 62-74 mg/day. 38 The SGLT2-is have a significant effect on hyperglycemia in T2DM. The largest meta-analysis with SGLT2-is containing 45 placebo-controlled trials and 13 trials with an active comparator, reported an effect in reducing HbA1c of approximately 7.2 mmol/mol (0.66%) versus placebo. 39 The different SGLT2-is are not yet compared in head-to-head studies. All available SGLT2-is have significant antihyperglycemic effects on HbA1c both as monotherapy and as add-on to metformin, dipeptidylpeptidase 4-inhibitors (DPP4-inhibitors), sulfonylureas (SUs) and insulin. 35, [39] [40] [41] [42] [43] Effects on cardiovascular risk factors
GLP-1 receptor agonists
The presently known main effects of GLP-1 and GLP-1RA on different organ systems are summarized in Figure 3 . It is well documented from several clinical studies that GLP-1RAs are reducing food intake and promotes a significant weight loss of approximately 4-6% in patients with T2DM. 17, 44 Apparently, partly independent of this weight loss and reduction in hyperglycemia, a reduction in systolic, and to a minor degree, diastolic blood pressure has been found. 45 The mechanism for this effect has not been finally elucidated. However increased natriuresis by the kidneys, improved endothelial function, direct relaxation of vascular smooth muscle and indirect vasodilation by possible neurohormonal mechanisms have been proposed, together with weight loss, to be responsible for this effect. [45] [46] [47] In contrast, an increase in heart rate during chronic and long-term treatment with GLP-1RA has consistently been found. 45, 47 Different hypothesis behind this effect have been proposed, but the mechanism is not clear. A direct effect on the heart is possible, since receptors for GLP-1 are present in the sinoatrial node. 48 Anti-inflammatory effects of GLP-1 and GLP-1RA have been reported in both rodent and human studies, as well as an improvement in lipid profile and possible improvement in endothelial function. 47 GLP-1RA may have also have beneficial cardioprotective effects in the clinical setting. Thus, treatment with native GLP-1 or exenatide improved ventricular function 49 or reduced infarct size in patients with ST-segment elevation myocardial infarction. 50 Supported by preclinical studies, earlier studies suggested an improved ventricular function in patients with chronic heart failure by native GLP-1 infusion. 51 Newer placebo-controlled clinical studies with albiglutide and liraglutide have however not shown any improvement in ventricular function or clinical outcome in patients with chronic heart failure [New York Heart Association (NYHA) class II-III]. 52, 53 Thus, current evidence does not support beneficial effects of GLP-1RAs in the treatment of patients with heart failure and impaired ventricular function.
SGLT2-inhibitors
Treatment with SGLT2-is results in a net caloric loss of approximately 200-320 calories/day due to the increased urinary glucose excretion. The resulting mean weight loss with SGLT2-is is 1.8 kg versus placebo, 39 varying from 1.6 to 2.8 kg weight loss with the different SGLT2-is. 43 After 6 months of treatment, no further weight loss is observed, assumingly due to a compensatory increase in food intake, which is supported by experimental studies in obese rats. 38 Studies using dual-energy X-ray absorptiometry and computerized tomography scans have shown that two-thirds of the weight reduction is due to fat mass reduction and a slightly greater reduction in visceral versus subcutaneous adipose tissue. 43, 54 SGLT2-is provide a clinical significant reduction in both systolic and diastolic blood pressure. The mean reduction in systolic blood pressure is 3.8 mmHg versus placebo and 4.5 mmHg versus other antihyperglycemic treatment. 39 The corresponding reduction in diastolic blood pressure is 1.8 mmHg versus placebo and 2.0 mmHg versus other treatment. This effect is observed with all three currently available SGLT2-is and is further substantiated by 24-hour blood pressure measurement. In longterm studies of 2-4 years this effect on blood pressure seems persistent. 43, 55 The blood pressure reduction with SGLT2-is seems to be additive to the blood pressure reduction in patients treated with antihypertensive drugs like angiotensin converting enzyme inhibitors and angiotensin II receptor antagonists. The mechanism for blood pressure reduction is not entirely clear. It is only partly due to the weight reduction, and may be explained by the increased diuresis, nephron remodeling, natriuresis and reduction of arterial stiffness. 56 A variety of other potential mechanisms for cardiovascular disease risk reduction with SGLT2-is have been suggested and is depicted in Figure 4 . Recent studies have suggested increased insulin sensitivity in patients with T2DM due to increased glucosuria by SGLT2-inhibition by measurement of peripheral glucose uptake. 57, 58 By reducing insulin resistance and hyperinsulinemia the risk of atherosclerosis may be reduced. 59 A study of patients with type 1 diabetes found reduction in arterial stiffness and no increase in heart rate with empagliflozin. 60 Effects on reduction of urinary albumin excretion in patients with T2DM and renal impairment have been observed with all three SGLT2-is. [61] [62] [63] How this change translate to cardiovascular risk remains however to be clarified. Increased uric acid have been potentially associated with cardiovascular mortality 64 and heart failure, 65 although the causal relationship is not clear. Treatment with SGLT2-is has consistently shown a significant reduction in uric acid levels in patients with T2DM. 66, 67 Minor changes in lipid levels have been observed with SGLT2-is. Thus, small increases in both high-density lipoprotein (HDL) and low-density lipoprotein (LDL) cholesterol, and small decreases in triglycerides have been found during treatment with SGLT2-is. 68 Whether these minor changes in lipids are clinical relevant remains to be established. Finally, rodent studies have suggested that SGLT2-inhibition may reduce inflammation and oxidative stress. 69, 70 Currently no human studies exist to support these proposed beneficial effects.
Cardiovascular outcome studies
GLP-1 receptor agonists
CVOTs with four of the GLP-1RAs have now been finalized and published. [71] [72] [73] [74] Studies with other GLP-1RAs are emerging.
Lixisenatide, a short-acting GLP-1RA, was the first drug in this class to be investigated in a CVOT and results were published in 2015. 71 In the Evaluation of Lixisenatide in Acute Coronary Syndrome (ELIXA) trial, 6068 patients were enrolled with T2DM and recent myocardial infarction or unstable angina within 180 days before screening. The ELIXA trial was a multicenter, randomized, double-blind, placebo-controlled study, and was designed to assess the effects of lixisenatide on cardiovascular morbidity and mortality. The major exclusion criteria were an age less than 30 years, recent or planned coronary revascularization procedure (15 days before to 90 days after screening), renal insufficiency [estimated GFR (eGFR) less than 30 ml/min/1.73 m 2 ] and a HbA1c less than 36.6 mmol/mol (5.5%) or more than 96.7 mmol/mol (11.0%).
The patients were randomized to 20 µg of oncedaily subcutaneous administrated lixisenatide versus placebo in addition to standard therapy. The primary endpoint was a composite of the first occurrence of either death from cardiovascular causes, nonfatal myocardial infarction, nonfatal stroke, or hospitalization for unstable angina. The trial was sufficiently powered to show noninferiority (96% power) and to show superiority with ACE, angiotensin converting enzyme; Ang, angiotensin; SGLT2, sodium-glucose co-transporter type 2.
90% power. The mean duration of the follow up was 25 months. The intervention group was at baseline well balanced with the control group. Lixisenatide had a significant, but modest reduction in HbA1c (0.6%), and a small weight reduction of 0.6 kg compared with placebo. A small, but significant reduction in systolic blood pressure of 0.8 mmHg was shown with lixisenatide. An expected increase in heart rate was found during the first 6 weeks of the study with lixisenatide, but this difference was not sustained throughout the study. The primary cardiovascular composite endpoint occurred in 13.4% of the patients treated with lixisenatide versus 13.2% of patients in the placebo group, hazard ratio (HR) 1.02, 95% confidence interval (CI), 0.89-1.17. Thus, noninferiority of lixisenatide to placebo was demonstrated, but not superiority. Also, there was no difference in hospitalization frequency for heart failure (4.0% in the lixisenatide group versus 4.2% in the placebo group), or death from any causes (7.0% versus 7.4%). Based on this study, it was concluded that treatment with lixisenatide in addition to conventional therapy is not altering the cardiovascular risk in patients with T2DM and recent acute coronary syndrome. 71 It is noted however, that the follow-up time in this trial was relatively short and the inclusion criteria of the patients differed somewhat from the CVOTs of the two other GLP-1RAs 72,73 (see Table 2 ). The most common adverse event reported was gastrointestinal events leading to discontinuation in 4.9% of patients treated with lixisenatide versus 1.2% in the placebo group. 71 Serious adverse events were reported at a similar rate in the lixisenatide group (20.6%) and in the placebo group (22.1%). The incidence of microvascular outcomes was not reported in this trial. 73 This trial was a preapproval, randomized, double-blind, placebo-controlled, multicenter study conducted from 2013 to 2016. In this CVOT, 3297 patients with T2DM were randomized to two doses of semaglutide, 0.5 mg and 1.0 mg, administered once-weekly or placebo, in addition to standard therapy. The patient inclusion criteria in this trial were very similar to the LEADER trial. 72 Major exclusion criteria in the trial were recent treatment with DPP-4 inhibitors, other GLP-1RAs or fast-acting insulin, a history of an acute coronary or cerebrovascular event within 90 days before screening, or long-term dialysis treatment. The primary composite cardiovascular outcome was also similar to LEADER: death from cardiovascular causes, nonfatal myocardial infarction or nonfatal stroke. The patients in the four groups were well balanced at baseline. The follow-up time was 25 months. During this period semaglutide 0.5 mg and 1.0 mg significantly reduced HbA1c levels by 0.7% and 1.0%, respectively. The mean body weight was 2.9 kg lower in patients receiving 0.5 mg semaglutide, and 4.3 kg lower in patients receiving 1.0 mg semaglutide compared with the placebo group (p < 0.001). Systolic blood pressure was reduced significantly in the group receiving semaglutide 1.0 mg by 2.6 mmHg compared with the placebo group (p < 0.001). A small elevation in heart rate of 2.0-2.5 beats per minute was also observed with semaglutide versus placebo in this study. Surprisingly, diabetic retinopathy complications was observed in 3.0% of the semaglutide-treated patients compared with 1.8% of patients in the placebo group, HR 1.76 (95% CI, 1.11-2.78). However, new onset or worsening of diabetic nephropathy was observed in significantly fewer patients in the semaglutide group: 3.8% versus 6.1% in the placebo group, HR 0.64 (95% CI, 0.46-0.88). The primary endpoint occurred in significantly fewer patients in the semaglutide group versus in the placebo group (6.6% versus 8.9%), HR 0.74 (95% CI, 0.58-0.95; p = 0.02 for superiority). For the different entities in the composite endpoint no significant differences were found, except for nonfatal stroke which occurred in 1.6% of the patients in the semaglutide group versus 2.7% in the placebo group, HR 0.61 (95% CI, 0.38-0.99). Hospitalization rate for heart failure was similar in the two groups: 3.6% versus 3.3% (semaglutide versus placebo). Although the number of patients were fewer and the follow-up time shorter than with liraglutide in the LEADER trial, this trial shows that treatment with semaglutide significantly reduced cardiovascular events in a population of high-risk patients with T2DM. As in the LEADER trial with liraglutide, the gastrointestinal adverse event rate was significantly higher with semaglutide. Rate of serious adverse events was similar in the semaglutide groups (33.6-35%) versus the placebo groups (36.1-39.9%). However, the rate of microvascular outcomes was different. Thus, the rate of retinopathy was higher in the semaglutide group (3.0%) versus the placebo group (1.8%), HR 1.76 (95% CI, 1.11-2.78). Newly detected or worsening of nephropathy was however lower with semaglutide (3.8%) compared with placebo (6.1%), HR 0.64 (95% CI, 0.46-0.88). 73 Very recently, the results of the EXenatide Study of Cardiovascular Event Lowering (EXSCEL) trial was published. 74 In this large, double-blind, pragmatic trial, 14752 patients with T2DM were randomized to either exenatide (extended release formulation) or placebo in addition to other antihyperglycemic therapy (any therapy allowed except GLP-1RAs). The design and inclusion criteria differed somewhat from the other CVOTs. It was designed as an event-driven trial with at least 1360 confirmed primary composite CV end points, defined as cardiovascular death, non-fatal myocardial infarction or non-fatal stroke. The patients included were more broadly defined. 75 Thus, 30.4% of the patients having no known CVD at baseline and nearly 50% of the patients were treated with insulin. Patients from 21 to 92 years of age were included in the trial (mean age 62.7 years). Key exclusion criteria were repeating episodes of hypoglycemia, an estimated GFR < 30 ml/min/1.73 m2, a HbA1c below 48 mmol/mol (6.5%) or above 86 mmol/ mol (10%), a family history of medullary thyroid cancer or MEN-2, calcitonin level above 40 ng/l and previous treatment with a GLP-1RA. A total of 1744 CV events occurred during the trial and the median follow-up period was 38 months. The difference in HbA1c between the exenatide group and the placebo group was significant, but narrowed during the trial, mean difference -0.53%. Body weight decreased significantly with exenatide: -1.27 kg vs. placebo. Systolic blood pressure, LDL cholesterol and triglycerides were also reduced with exenatide. The primary endpoint occurred in 11.4% of the patients treated with exenatide vs. in 12.2% of the patients in the placebo group, HR 0.91 (95% CI 0.83-1.00), p=0.06. There was no evidence of heterogeneity among subgroups of patients. Death from any cause occurred less frequent with exenatide than with placebo: 6.9% vs. 7.9%, HR 0.86 (95% CI 0.77-0.97). Thus, in contrast to the LEADER and SUSTAIN-6 trial, the incidence of CV events in this trial were not different among patients who received exenatide or placebo treatment. The apparent discrepancy of CV event reduction in this trial may be explained by the broader T2DM population studied as regard to age and CV risk, shorter follow-up period, lower HbA1c levels and the concomitant antihyperglycemic treatment (SGLT2-is more frequently used in the placebo group). The number of patients who presented with acute pancreatitis, cancers or medullary thyroid carcinomas were not different between the exenatide and the placebo group during the trial. 74 Serious adverse events were similar between the exenatide (16.8%) and the placebo group (16.6%). Microvascular outcomes have not been reported so far.
For the other approved GLP-1RAs no CVOT data are currently available, but trials are ongoing (see Table 3 ). A recent meta-analysis including data from nine randomized safety and efficacy trials with dulaglutide 76 including a total of 6010 patients with T2DM. The primary measure was a four-component cardiovascular event endpoint of death due to cardiovascular causes, nonfatal myocardial infarction, nonfatal stroke or hospitalization for unstable angina. In that study 0.67% of patients treated with dulaglutide compared with 1.18% experienced this primary endpoint, no statistical difference between the groups. Thus, the study suggests that dulaglutide does not increase the risk of cardiovascular events. The final answer of the effect on cardiovascular risk of dulaglutide and the other approved GLP-1RAs awaits the ongoing CVOTs.
SGLT2-inhibitors
The only finalized CVOTs evaluating SGLT2-is are the Empagliflozin Cardiovascular Outcome Event Trial in Type 2 Diabetes Mellitus Patients (EMPA-REG) and the CANagliflozin cardioVascular Assessment Study (CANVAS). The results of the EMPA-REG study evaluating empagliflozin is available. 55 The CANVAS trial is finalized, and data has recently been reported. 77 For dapagliflozin, the CVOT: DECLARE-TIMI58 is ongoing (see Table 3 ).
The EMPA-REG trial investigated the effect of empagliflozin on cardiovascular outcomes in patients with T2DM in addition to standard care in these individuals. 55 55 It is concluded from the first CVOT of the SGLT2-i class, that treatment with empagliflozin in patients with T2DM at high risk for cardiovascular events is associated with lower risk of death of any cause, a lower risk of death from cardiovascular causes. Furthermore, that empagliflozin may have a benefit in worsening of heart failure in these patients. Notably, the difference in cardiovascular outcome between empagliflozin and placebo occurred very early in this trial after 3-6 months treatment. The exact mechanism for this phenomenon is currently not known, but may be multifactorial and most likely beyond glycemic control 78 as depicted in Figure 4 .
The cardiovascular outcome data for canagliflozin was recently reported in the CANVAS and CANVAS-R trials. 77 In the CANVAS program, data from the two trials was integrated. A total of 10,142 patients with T2DM were randomized and completed the trial program. Patients were randomized to canagliflozin 100 mg or 300 mg daily versus placebo (CANVAS) or canagliflozin 100 mg with optional increase to 300 mg daily versus placebo (CANVAS-R Thus, results from ongoing CVOTs will provide final answers of potential benefits of the other SGLT2-is in this drug class.
The SGLT2-is may be associated with euglycemic ketoacidosis. Although some cases have occurred in patients with type 1 diabetes, a recent analysis of US FDA adverse event reporting or a large database of commercially insured patients, suggested a two to seven-fold increase in risk of developing ketoacidosis in patients with T2DM treated with SGLT2-is. 79, 80 This may be a result of increased noninsulin-dependent glucose clearance, decreased renal clearance of ketone bodies, volume depletion and elevated glucagon concentrations. 81, 82 However neither in the EMPA-REG trial or the CANVAS program an increased rate of ketoacidosis was observed.
GLP-1 receptor agonists and SGLT2-inhibitors
There are currently no cardiovascular outcome studies investigating the combination of GLP-1RA and SGLT2-i therapy. While the two drug classes do exert their effects due to very different mechanisms, it may be expected that the combination of the two could potentially have additive benefits on cardiovascular risk reduction. A few studies have been investigating combination therapy of dapagliflozin and exenatide 83, 84 in patients with or without T2DM, observing a reduction in cardiovascular risk factors. A similar suggested benefit on cardiovascular risk factor and reduction in fat mass has been observed in a Japanese study investigating luseogliflozin (SGLT2-i) and liraglutide. 85 It is currently not known whether the proposed increased risk of ketoacidosis associated with SGLT2-i treatment may be affected by concurrent use of GLP-1RA.
Discussion
The two relatively new drug classes of antihyperglycemic therapy, GLP-1RA and SGLT2-i, have been shown to exert clinical relevant effects on lowering hyperglycemia in patients with T2DM, at the same time with a low risk of hypoglycemia. In addition to this effect, both drug classes seem to have beneficial effects on different cardiovascular risk factors such as high blood pressure, overweight, and dyslipidemia. Both drug classes seem to have pleiotropic characteristics promoting these cardiovascular benefits, despite very different mode of actions. Thus, both drug classes may have effects on improving cardiac function and increasing natriuresis. Only the GLP-1RA class has an effect on increasing heart rate, and only the SGLT2-i class have an effect on reducing uric acid levels.
Until recently, cardiovascular outcome data on these drugs were lacking. However, after 2008 where the regulatory authorities began to require these data for new drugs, many studies are emerging. For the GLP-1RAs lixisenatide, liraglutide, semaglutide and exenatide, we have now robust cardiovascular outcome data available. The two trials, studying liraglutide and semaglutide, show consistently cardiovascular benefits in T2DM patients at very high risk of future cardiovascular events. For lixisenatide, a neutral effect was found on cardiovascular risk also in a high-risk population of T2DM. The characteristics of lixisenatide (short-acting) are somewhat different from liraglutide and semaglutide (continuous-acting), the patients studied were different and the followup time was shorter than in studies with liraglutide and semaglutide. For exenatide, a trend towards a cardiovascular benefit was observed, hovewer this was not significant. This discrepancy compared to the data obtained for liraglutide and semaglutide may be due to the broader type 2 diabetes population studied exerting somewhat lower cardiovascular risk, shorter follow-up period and a disproportionate use of SGLT2-is in the placebo group. Differences among the members of the GLP-1RA class in this regard is however not excluded. For exenatide, a trend towards a cardiovascular benefit was observed, hovewer this was not significant. This discrepancy compared to the data obtained for liraglutide and semaglutide may be due to the broader type 2 diabetes population studied exerting somewhat lower cardiovascular risk, shorter follow-up period and a disproportionate use of SGLT2-is in the placebo group. Differences among the members of the GLP-1RA class in this regard is however not excluded. The other incretin hormone therapy principle, the DPP4-inhibitors, do have a similar neutral effect on cardiovascular outcomes in different trials, 86 however a recent meta-analysis of more than 95,000 patients showed an apparent increase in the rate of heart failure. 87 The GLP-1RA class does not seem to have this unfavorable effect.
For the SGLT2-is, we have currently two robust cardiovascular outcome trials for empagliflozin and canagliflozin showing a consistent benefit on cardiovascular risk and death. Additionally, this drug (class) seems to have a substantial benefit in reducing hospitalizations and worsening of heart failure in a high-risk population of patients with T2DM. The two trials suggest that these benefits may be a class effect of these drugs. There is currently no indication that these effects should not be expected in other SGLT2-is. The observed increased rate of peripheral amputations and fractures during treatment with canagliflozin has not been observed with empagliflozin. The explanation and mechanisms for this apparent difference is unclear.
Important future trials will further elucidate the cardiovascular effects on other candidates in the two drug classes, including those with different characteristics and receptor profiles. This will potentially increase our understanding of the mechanisms behind the proposed pleiotropic characteristics. It is important to investigate the cardiovascular effect of these drugs in lower risk populations as well. The potential benefit of these drugs in patients with T2DM at lower risk of cardiovascular disease may have some support from recent observational and real-world studies as well as meta-analyses of randomized studies, both for GLP-1RAs 76, 88 and SGLT2-is. 39, 89 Further, since the mechanisms behind the cardiovascular effects of the two drug classes seem different, it is important to investigate if additional effects and an acceptable safety profile exist if drug candidates from the GLP-1RA and the SGLT2-i classes are combined in clinical therapy.
Finally, the cardiovascular outcome data emerging among the different GLP-1RAs and SGLT2-is, together with a low risk of hypoglycemia, suggests that these two drug classes should be preferred in certain high-risk patients with T2DM as second-line treatment in addition to metformin therapy. These drugs really have the potential to improve the prognosis and reduce mortality, in at least in a group of patients with T2DM and macrovascular complications or multiple cardiovascular risk factors.
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